Introduction
For future fusion power systems the ability to operate reliably and efficiently for long periods of time will ultimately determine the feasibility of fusion as a renewable, nuclear power source. One component of current tokamak-based designs for fusion power that impact the overall performance lifetime are plasma facing components (PFCs). These PFCs are expected to handle heat fluxes up to 10 MW/m 2 at steady state and 1 GW/m 2 transiently for 1 ms for edge localized modes or ELMs that are produced from instabilities in magnetic confinement of the plasma [1] . Progress has been made in several areas [2] [3] [4] [5] , however, important plasma material interaction (PMI) issues remain such as melt-layer dynamics of metal PFCs, thermo-mechanical stress of PFCs from cyclic heat loads and ELM transients, and impact of neutron irradiation on PFC's long-term performance [6] .
While one approach to answer PMI issues in PFCs is through the inclusion of PFCs into existing fusion devices such as the Joint European Torus (JET) in the United Kingdom, the Korea Superconducting Tokamak Advanced Reactor in South Korea, and DIII-D National Fusion Facility in the United States, a dedicated facility is needed to systematically study the PMI dynamics in PFCs in order to understand existing materials and allow for the development of new materials. The MaterialPlasma Exposure eXperiment (MPEX) [6] at Oak Ridge National Laboratory (ORNL) is a linearbased, RF plasma generation approach that is designed to provide the environment to answer key PMI and PFC technical challenges. This paper provides an outline of the essential components of the current MPEX design with an emphasis on the superconducting magnet and cryogenic design that is currently under consideration to achieve a steady state density of n e~1 0 21 m -3 and T e =1-15 eV.
Functional Aspects of MPEX
A conceptual layout for MPEX is given in figure 1 . In addition to the five distinct regions, Helicon Source, Electron Cyclotron Heating (ECH), Ion Cyclotron Heating (ICH), RF Test Area, and Target Area, the vacuum systems that are needed to regulate the specific gas pressures at different points along MPEX are also shown in figure 1. The transport section that is downstream of the RF Test area is optional and will not be covered in the paper. While detailed descriptions of the different MPEX RF elements have been given elsewhere [7] , a brief summary of each is given in context of the magnetic field requirements.
MPEX starts with a plasma source that utilizes a helicon antenna to couple electromagnetic waves through a 15-cm diameter aluminum nitride window to either hydrogen or deuterium at a frequency of 13.56 MHz [8] [9] . With respect to magnet field, a uniform axial magnetic field of 0.6 T along the length of the window is required to prevent secondary harmonics from decreasing the plasma generation efficiency. After the helicon source, ECH occurs through a 200 kW, 28 GHz gyrotron Electron Bernstein waves into plasma that it is confined in a magnetic mirror with a minimum field of 1.6 T at the edges of the mirror and a minimum 0.6 T in the center.
Next, ICH uses single pass damping of slow electromagnetic waves from a modified Nagoya Type III antenna to launch rf waves over a high field region where the field is 1.8 T over 60 cm before the plasma transitions to lower field (1.6 T), 20 cm long region. This approach, which is often referred to as beach heating has been recognized as an efficient means to couple power into a single species plasma [10] [11] [12] [13] [14] . After the plasma passes through an RF Test Area, which amounts dimensionally and functionally to a duplicate of ECH for the purposes of this study, it reaches the target area. The target area requires a uniform field, 1 T, over the entire target area, which is approximately 1-m long. This requirement is needed to assure that the plasma that is generated by the helicon and heated by the ICH and ECH can produce PMI conditions at target that are relevant to fusion environments. The current target cask design is approximately 1.5 m long with a diameter of 0.5 m. Given the instrumentation ports and the space that is needed for the diagnostic hardware such as feedthroughs and mirrors, the inner warm bore diameter of the target magnets was set to 1.15 m. In total, the entire length of the MPEX magnets is 10 m.
Superconducting Magnet Design Specifications
In order to accommodate the testing cycles on the order of hours to days for the effective study of PMI, a superconducting magnet design was selected. While there have been improvement in superconducting coils that have been fabricated from conductors such as magnesium diboride [15] [16] and high temperature superconducting coated conductors [17] [18] , low temperature superconducting (LTS) wire, specifically NbTi, was selected for the magnet conductor. Specifically, the NbTi conductor was 0.75 mm diameter, copper matrix monolith with 54 filaments and a 1.3:1 copper to superconductor ratio from Oxford Instruments [19] . The conductor selection was driven by a preliminary risk assessment of the conductor performance as a function of field and temperature against the cost and maturity of the conductor manufacturing and supporting technologies like refrigeration.
The design of the MPEX magnets started with the physical dimensional constraints for each MPEX subsystem. The inner warm bore diameter for all the magnets except for the target magnets was set to 43.2 cm due to the 35.5-cm diameter vacuum piping and supporting cooling and hardware that runs along the axis of magnets between the helicon and target in figure 1 . As stated earlier, the warm bore diameter of the target magnets was set to 115 cm. Assuming that the distance between the inner warm bore diameter and the inner diameter of the magnet is 8.1 cm to account for the supporting cryogenic structure, multilayer insulation, and mechanical supports, the inner magnet diameter of all magnets except the target magnet is 59.35 cm and the inner magnet diameter for the target magnets is 131 cm.
With respect to the axial separation of the magnets, it was assumed that between each sub-system, for example between the helicon and ECH & ICH and RF test area is 55.88 cm. It is assumed that 30.48 cm of this length is for hands-on access of room temperature connections between each subsystem with the remaining distance for vacuum insulation, cryostats, and axial mechanical supports. For the axial distances between magnets for subsystem based on their operating requirements, it was assumed that the axial distance between magnets was 66 cm for the ECH and RF test area and 71 cm for the helicon source. Figure 2 shows a scale schematic of the different separations with respect to the magnet assemblies for MPEX.
With these physical constraints, initial coil widths, thicknesses, and engineering current densities were chosen for each coil to meet the field requirements for each sub-system. The target field profile along the axis for the MPEX magnets, which was modelled using a finite element software, FlexPDE 2D [18] , is given in Figure 2 . The field was then calculated in each coil and assuming an insulation percentage of 30% and each coil is cooled with liquid helium to a temperature of 4.2 K, the critical current in the coil was calculated and compared for the effective current for the coil. The properties of commercially available NbTi conductor [19] were used in conjunction with scaling factors in [21] . If the critical current of the coil exceeded 50% or an operating current was greater than 200 A was exceeded, the coil dimensions and current density were adjusted and the process repeated. The selection of an operating current of 200 A was based on commercially available, low voltage high current power supplies and minimizing the heat leak from the current leads of the cryogenic system. The goal for the configuration was to keep the current in each coil less than 200 A, minimize the number of turns, and assure that the forces of the magnets were within engineering limits of existing available structural materials. The peak hoop stress and axial forces between coils were calculated empirically with Wilson [22] guided by the mutual inductances as specified in Grover [23] to first order and were found to be in reasonable agreement to those values found numerically by FlexPDE. The peak hoop stress was between 0.40 MPa and 1.29 MPa and the axial forces were between 1.59 x 10 4 N and 1.63 x 10 6 N. The fraction of operating current to the coil critical current was between 0.15 and 0.50. Table 1 summarizes the key parameters for the twenty separate LTS magnets that are proposed for use in MPEX. It should be noted that the coil parameters described in Table 1 are a starting point in the design process and further refinement of the coil winding is expected as issues such as quench protection and a risk assessment of the LTS magnets relative to the MPEX design are considered in greater detail. 
MPEX Refrigeration Considerations
For the cryogenic cooling of the MPEX superconducting magnets, separate, liquid helium condensing cryocooler systems were chosen over a closed cycle, reverse-Brayton liquid helium refrigeration system. First, given the modular nature of the MPEX assembly and potential maintenance and access required for the different supporting systems, the ability to remove each magnet system without having to disconnect transfer lines is an advantage that could also reduce the potential contamination of the closed cycle cooling system. Next, separate cryocoolers as re-condensers that operate in fairly static manner reduce the number of moving parts for the circulation pumps and valving that would be present on a liquid helium refrigeration system. This increases reliability and availability of the system. Another benefit to the cryocooler-based system is the lack of complexity that comes with a closed cycle, liquid helium refrigeration system with intricate filtering, heat exchangers, and processing of the return flow from the superconducting coils that adds additional control and monitoring and maintenance. Finally, the cost of the cryo-coolers as a whole is smaller than a factor of two in terms of initial capital cost of a closed loop liquid helium system and by a factor of five to ten for steady state operations in terms of reduction in manpower and maintenance for the system. In the analysis of heat loads for MPEX magnets during steady state operation, three different contributions were considered for the cryogenic envelope shown in figure 4 . The first source was from the conduction and joule heating from current leads. From room temperature to the 40 K thermal shield, the minimum heat load for a single heat lead from McFee [24] is approximately 0.042 W/A. This would translate to first stage heat loads between 5.7 W to 16.8 W for the pairs of current leads operating over the range of currents listed in table 1. For the current lead heat leak from 40 K to 4.2 K, conduction cooled, high temperature superconducting current leads would be utilized. Given that the only heat leak would come from the conduction between 40 K and 4.2 K as long as the current was below the current lead critical current, a heat leak per pair was estimated to be 0.1 W assuming two stainless laminated YBCO coated conductors of length 15 cm, width 0.4 cm, and thickness of 0.1 mm. This is consistent with estimates that are given in other references [25] [26] .
The next source of heat load is from the mechanical support of the magnets that are used to support the weight of the magnets and mitigate the axial forces that the magnets experience from interaction with one another. For purposes of this first order calculation, it is assumed that the mechanical support is provided with G10, a high strength, multilayer resin impregnated laminate. With approximately 5 For G10, the integrated thermal conductivity
is 100 W/m from 290 K to 40 K and 5.7 W/m for 40 K to 4.2 K [27] . With the length L g10 fixed for mechanical supports on each side of 40 K thermal shield, the area A g10 is estimated by the dividing the net axial force for each cryostat by the tensile strength of G10, which is 400 MPa [28] . For the axial force between 1.59 x 10 4 N and 1.63 x 10 5 N, this would translate to an effective area A g10 between 0.39 cm 2 and 4 cm 2 . Now since the weight of the thermal shield, inner vessel, and magnet need to be supported and ranges between 150 kg and 3200 kg, the first order maximum shear stress on the G10 supports would be 120 MPa, which well below the ultimate shear strength of G10, 130 MPa [28] . For the effective area A g10 listed above, the heat leak would be between 8 W and 80 W for the first stage from 290 K to 40 K and 0.4 W and 4 W for the second stage. These calculations were based on a first order approximation for the axial forces and weight of the cryogenic structure and using solid 5 mm diameter G10 rods with the number of supports linearly proportional to the axial load and weight. Further refinement during the next design phase of the project is expected to determine whether this heat load can be reduced. The final component of heat load is the radiation heat load between the outer cryostat and thermal shield and thermal shield to the inner LHe space where the magnets are cooled with liquid helium. Assuming an effective thermal conductivity of 37x10 -6 W/m-K for MLI with 6 μm thick aluminium foil and 15 μm fiberglass paper spacing at 10 -5 Torr, the radiation heat lead was calculated from the effective conduction between each surface. The nominal axial spacing between each surface was 4.6 cm and nominal radial spacing between each surface was 2.54 cm. Table 4 summarizes the individual radiation contributions to the total heat load for each cryostat as well as the current lead and mechanical support heat load. The number of cryocoolers for each cryostat was estimated assuming a Cryomech Inc. PT415 pulse tube cryocooler with a 1 st stage cooling capacity of 40 W at 40 K and 1.5 W and 4.2 K [29] . One heat source that is not mentioned in this discussion but should be considered is the ac loss generated by each coil during ramp to operating current. Using the expression for AC loss given by Wilson [18] where dB/dt is the ramp rate of the field in the coil winding, J c is the current density of the superconductor, and d f is the effective diameter of the superconductor, the ac loss was calculated for the volume of each coil winding and is shown for each coil in figure 7 . A ramp rate of 0.01 A/s was assumed along with J c of 2.61x10 -9 A/m 2 and d f of 70 μm [19] . When the number of filaments (54) and the amount of conductor for each coil is taken into account, the ac loss contribution to the LHe bath is between 0.04 W and 0.75 W. While this range is fairly manageable for pulse tube cryo-cooler arrangement, additional modelling is needed to make sure that the temperature rise within the coil structure does not result in coil quench.
While the pulse tube cryo-cooler refrigeration makes the most sense from an operations standpoint, the cool-down of the MPEX magnets during initial operation and after each long-term outage require the usage of liquid helium and possibly liquid nitrogen depending on the circumstances. Based on the thermal mass of each system, which consists of the 40 K thermal shield, the magnet, magnet supports, and the liquid helium storage, Table 3 provides the amount of liquid helium required with and without the liquid nitrogen precooling. This shows the decided advantage with liquid nitrogen precooling. It should be noted that the amount of liquid helium and nitrogen was found by an energy balance between the enthalpy in the cold mass and the heat of vaporization for the liquid helium (20 kJ/kg) and liquid nitrogen (199.3 kJ/kg). The usage of the sensible heat of the cryogen as it warms from the saturation temperature to its surroundings will likely reduce the amount of liquid helium consumed. However given that the utilization of this sensible heat is dependent on geometry and flow rate, additional calculations will be done to determine reduction in liquid helium. Given that the majority of this liquid helium is tied to the target coil, a possible cost reduction could be found by installing a small scale refrigeration system that is separate for the target to handle the cooling of the target coils if multiple outages are planned for maintenance or configuration changes. 
Conclusions and Future Design Work
A conceptual design for superconducting magnets and their supporting cryogenic system has been carried out for a MPEX steady state, linear plasma generator for fusion material characterization. This design was based on the usage of LTS magnets (NbTi) with a modular, recondensing liquid helium cryocooler-based refrigeration and is part of a larger design effort to determine the capital and operational costs for MPEX. Other elements of the MPEX design effort include the RF technology implementation from proto-MPEX, where the RF technology has been demonstrated or is under development [6] [7] , optimization of vacuum components, and the mechanical support structure. H2  H3  H4  E1  E2  E3  E4  E5  I1  I2  I3  I4  RF1  RF2  RF3  RF4  T1  T2  T3 Within the superconducting magnet and cryogenic system design, further refinements are on-going. While it is expected that the quench protection for the magnets should be passive, the inductance of the large target coils remain a concern. This issue will be investigated through discussions with national laboratories and industrial companies with magnet winding experience of coils of similar geometry. With respect to the superconducting materials, our initial assessment of the current status of other superconductors like MgB 2 and YBCO-based coated conductors was based on a survey of the literature over the past five years. Like the quench protection issue, discussions with national laboratories and industrial magnet and superconducting manufacturers are planned to determine the projected progress in piece length, supply, and cost that may benefit magnet construction in the next two to five years. Finally, given the tight supply of commercially available liquid helium, the consumption of liquid helium to cool the MPEX magnets remains a concern. The cost benefit analysis for cryogenic support of MPEX will be reviewed to determine whether this advantage for a closedcycle, reverse Brayton cycle liquid helium system outweighs its drawbacks when compared to the modular, recondensing liquid helium cryocooler-based refrigeration system.
